Abstract-We have developed an unobtrusive magneticacoustic fluid intake monitoring (MAFIM) system using a conventional stainless-steel roller-ball nipple to measure licking and drinking behavior in animals. Movements of a small permanent magnetic tracer attached to stainlesssteel roller balls that operate as a tongue-actuated valve are sensed by a pair of three-axial magnetometers, and transformed into a time-series indicating the status of the ball (up or down), using a Gaussian mixture model based datadriven classifier. The sounds produced by the rise and fall of the roller balls are also recorded and classified to substantiate the magnetic data by an independent modality for a more robust solution. The operation of the magnetic and acoustic sensors is controlled by an embedded system, communicating via Universal Serial Bus (USB) with a custom-designed user interface, running on a PC. The MAFIM system has been tested in vivo with minipigs, accurately measuring various drinking parameters and licking patterns without constraints imposed by current lick monitoring systems, such as nipple access, animal-nipple contact, animal training, and complex parameter settings.
I. INTRODUCTION

D
RINKING is critical for animal survival [1] . Mammals employ multiple fluid intake strategies, such as licking, lapping, and suction, which vary by age and species [2] , [3] . Both drink macrostructure, such as measures of total time of fluid intake, and drink microstructure, such as lick cycle duration (LCD), which is described as a pattern of tongue-nipple contacts with gaps in between when the tongue is retracted back in the mouth, are parameters that enable quantitative assay of fluid intake behavior for evaluation of animal welfare [4] , [5] . These parameters are also indicators of neurological function in experimental animal models of operant conditioning, neurological disease, taste, cortical feeding mechanisms, A. Sokoloff is with the Department of Physiology, Emory University. * M. Ghovanloo is with the GT-Bionics Lab, School of Electrical and Computer Engineering, Georgia Institute of Technology, Atlanta, GA 30332 USA (e-mail: mgh@gatech.edu).
Digital Object Identifier 10.1109/TBME. 2016.2638545 and in particular, oromotor function and development [6] - [15] . Fluid intake behavior is also a logical assay of oromotor function following implantation of biomedical devices in the head, neck, and tongue for maintenance of upper airway patency or for tongue-controlled assistive technologies in patients with a high-level spinal cord lesion [16] , [17] . Systems for recording fluid intake behavior can be classified by their sensing modalities, such as electrical, pressure, optical, acoustic, and video [18] , [19] . In the earliest systems, lick onset was defined by closure of an open electric circuit during tongue-fluid contact [20] . Subsequent systems have discriminated liquid intake mechanics by pressure applied to the nipple [21] , the interruption of a light beam during nipple contact [22] , the sound made by the rise and fall of roller balls in the nipple [6] , [23] , [24] , cineradiography of tongue markers [2] , and video recording of tongue-nipple contact [25] .
Electrical systems remain the most commonly used and commercially available for recording fluid intake behavior. However, the usage of these systems in animal studies is constrained by specific housing requirements, the invasive nature of transanimal electrical currents [26] , [27] , and potential bias due to change of liquid taste [28] , [29] . Use and maintenance of optical systems is complicated by dependency on ambient lighting conditions, sensor orientation, light source or optical sensor occlusion, power consumption, and heating [30] . Video systems generate a large volume of data that is difficult to manage, require complex visual discrimination algorithms for analysis, and may be prone to observer error.
An important common requirement for determining drink microstructure among prior electrical, optical, and video systems is discontinuity in animal-nipple contact. However, several nonlick fluid intake behaviors, for example suckling and sucking, involve persistent face-nipple or tongue-nipple contact, resulting in failure in previous sensing mechanisms. Even during licking, depending on the species and their drink strategies, animal-nipple contact may be persistent, requiring constrained nipple access or nonideal positioning of the nipple (e.g., retracting the tip inside a hole) to enable discrimination of individual lick cycles by electrical, optical, and video modalities, which could impose unnecessary and unnatural stress or effort on the animal subject.
For instance, two very different drink strategies observed by us in minipigs of similar age and type are shown in Fig. 1 . In one strategy (top two sequences), the tongue and mouth are retracted from the nipple with each lick to deliver fluid into the oral cavity. In the second strategy (bottom sequence), the tongue remains in contact with the nipple throughout the drink cycle and fluid is delivered into the oral cavity by sucking. Evaluation of the latter drink microstructure requires measurement of tonguenipple mechanical interaction in the absence of tongue-nipple discontinuity. To enable study of multiple strategies without requiring discontinuous animal-nipple contact and constraints on the nipple access, we have developed a magnetic-acoustic fluid intake monitoring (MAFIM) system for use with conventional stainless-steel roller-ball nipples, which are widely used in animal research facilities. Section II describes the MAFIM system architecture, including hardware and software. Section III demonstrates the system application in a minipig model, followed by discussion and concluding remarks. Fig. 2(a) shows a three-dimensional (3-D) rendering of the modified dual-roller ball stainless-steel nipple, which forms the cap of the water bottle. The dual-roller balls ensure blockage of the nipple at its orifice and prevent leakage due to the effect of gravity. They operate as a tongue-actuated valve, requiring the animal to push the balls upward with its tongue to let the fluid flow while drinking. Therefore, the position of the balls is directly correlated with drink behavior dynamics and microstructure.
II. MAFIM SYSTEM ARCHITECTURE
For wireless detection of ball position without interfering with animal drinking, we attached a small disk shaped permanenttype magnet, 4.8 mm in diameter and 1.6 mm in thickness, made of grade N52 NdFeB (KJ Magnetics, Pipersville, PA), to the upper ball along with a plastic straw to guide the updown motion of the magnetic tracer while preventing the upper ball from tilting. A pair of three-axial magnetic sensors was embedded in a plastic cuff, which was placed around the neck of the nipple, and connected to a data acquisition box, which can be shared among two other nipples. As an independent secondary sensing modality, a microphone was attached to the bottle and pointed towards the nipple to collect the clicking sounds made by the balls as they ascended and then descended in the nipple tube. The audio data were used for independent verification of the magnetic drink measurement, and added a certain degree of redundancy and robustness to the MAFIM system. Fig. 2(b) shows the MAFIM system block diagram, which can be divided into hardware and software blocks, enabling real-time monitoring of dynamic fluid intake behavior by simultaneously recording magnetic and acoustic signals from the sensors attached to the stainless-steel roller-ball nipple in Fig. 2(a) . The outer/inner diameters of the nipple and diameter of the roller balls are 11/10 mm and 9.5 mm, respectively. An mbed ARM-based LPC1768 microcontroller (MCU) board (https://www.mbed.com) controls the operation of the two LSM303D digital magnetometers (STMicroelectronics, Switzerland) and assures continuous recording of their threeaxial sensors at 100 Hz each. The MCU then packetizes the magnetic data and transfers the packets to the PC along with a packet counter through a USB port.
A. MAFIM Hardware
The sound recorded by a Mini Akiro microphone (Kinobo.co.uk) is sampled at 44 kHz, digitized locally, and delivered to the PC via another USB port. Raw data from the magnetic and audio sensors are saved in the hard disk in text (.txt) and wave (.wav) formats, respectively. An offline digital signal processing (DSP) algorithm, shown in Fig. 2(c) , implemented in MATLAB, independently processes the raw data and converts it into a time-series for each modality, which indicates when the balls were up, i.e., the valve was open and liquid was flowing, and when they were down, i.e., the valve was closed. These time-series can then be further processed to verify the normal operation of the MAFIM system, and derive the drink macro-and microstructures to assay the animal fluid intake behavior and indicate its variations over time.
B. MAFIM Recording Software
A custom graphical user interface (GUI), developed in Python programming language (www.python.org), controls the data acquisition system operation. Fig. 3 shows a snapshot of the recording GUI, which issues synchronous commands to both magnetic and acoustic sensors and saves the raw data from each modality into a user-defined path.
Synchronous recordings are time-stamped by the recording script for subsequent analysis. The current MAFIM prototype is capable of recording drink behavior from up to three animal subjects simultaneously, which are referred to as Ch1, Ch2, and Ch3 in Fig. 3 . Raw recordings from magnetic and audio modalities are fed into the DSP block for generation of lick behavior time-series and extraction of associated parameters of interest. Fig. 3 . Snapshot of the custom designed GUI of the MAFIM system. This GUI controls the data acquisition system operation, by issuing synchronous commands to both magnetic and acoustic sensors and saving the raw data from each modality into a user-defined path.
C. MAFIM DSP Algorithm
The main purpose of the MAFIM DSP algorithm, shown in Fig. 2(b) , is to transform the raw sample measurements (N samples) from both magnetic (6-D data samples) and acoustic (1-D data samples) sensors into the lick microstructure timeseries, shown in Fig. 2(c) , indicating when the balls move up (valve open) and when they fall down (valve closed), from which liquid intake behavior can be extracted. For each time stamp from the MCU, a three-axial (xyz) sample is recorded from each magnetometer, resulting in a 6-D measurement vector, as . . .
where every column of the matrix M corresponds to one time sample. M 6×N is fed into an unsupervised Gaussian Mixture Model (GMM) based clustering phase to determine one of the two states, "ball up" or "ball down" for each time sample, as shown in Fig. 2(c) . One assumption here is the existence of only two states (binary), considering an instantaneous transition from one state to another within one sample. To validate the magnetic time-series, supervised audio template matching synchronously records acoustic signals and identifies time samples of sounds generated by roller balls during transition from "ball up" to "ball down" state and vice versa.
D. Unsupervised GMM-Based Clustering (Magnetic Data)
Given M 6×N as the input feature matrix in machine learning, the unknown target vector is a vector including ball positions inside the nipple for each time sample. Here, two positions per state are defined, "ball up = 1" and "ball down = 0" and a variable k is defined, and assigned a constant value of 2. The elements of the unknown target vector, s 1×N , take values from the set {1, 0} for each time sample. The unknown target vector, once known, is the basis of deriving other lick microstructure parameters, such as LCD and lick cycle rate (LCR). One conventional solution to this clustering problem is training a classifier to fulfill this binary classification and determine the state (up versus down) of the balls inside the nipple. In the absence of a training set, it is more convenient to accomplish this by incorporating an unsupervised machine learning solution, such as GMM, to determine the status of the balls, given M 6×N . Fig. 4 depicts the flowchart of unsupervised GMM clustering of magnetic data with two main steps: fitting and clustering.
During GMM fitting stage, GMM model, a mixture of two Gaussian distribution, is constructed to best fit the 6-D observed magnetic measurements. Building the model involves estimating the model parameters and optimizing them for better fitting the observation through expectation maximization (EM) [31] . Let's assume that N 6-D measurement vectors were drawn from a mixture of k = 2 Gaussian probability density function (PDF), N (μ i , Σ i ), i = 1, 2. The weighting factor ω i describes the sharing weight of each PDF in the drawn measurement vector m 6×1 as
where ω i elements are the mixture weights, and g(x|μ i , Σ i ) represents the PDFs associated with the Gaussian distributions.
Each of the two g(x|μ i , Σ i ) is estimated from D-variate
Gaussian distribution with parameters μ i and Σ i (i = 1, 2) with their respective means and covariance matrices [32] , [33] . λ denotes the model parameters set for the mixture of two Gaussian distributions, represented parametrically by
Parameters of the model are estimated by the EM algorithm [34] , [35] . Once the mixture model is constructed, observations are partitioned and clusters are formed through maximum likelihood estimation and calculating a posterior probability, which shows the likelihood of each observation being drawn from a specific Gaussian mixture embedded in the GMM model. Every time sample is assigned to one of the two Gaussian distributions, yielding the magnetic time-series.
E. Supervised Audio Template Matching (Acoustic Data)
A supervised audio template matching block [see Fig. 2(c) ] is used to determine the times when the balls are pushed up in the nipple tube by tongue contact or drop down by gravity. Ball drop produces a sharp clicking sound that is easily distinguishable from the background noise and the weaker sound made by upward movement of the balls. Therefore, we focused on detecting the sounds of ball drop due to their higher signal-to-noise ratio (SNR).
This approach is considered supervised because it involves an initial manual segmentation of a time window that includes ball drop sound from the recorded audio signal. The segmented window features a large magnitude spike-like signal representative of the sharp sound generated by the ball drop. Supervised audio template matching [36] , [37] is common in speech recognition and verification. Fig. 4(b) describes in more detail the process of acoustic recording and generation of audio time-series, which starts with visual or aural inspection of the acoustic signal to locate a spike-like segment. The segmented pattern is then examined for waveforms representing the ball drop sound (pattern validation). Both auditory and frequency content inspection assure accurate template selection. The template window is then swept over the entire acoustic recording raw data stream, and maximum cross-correlation analysis is performed (pattern matching) to generate the audio time-series, where every time sample has a value of "0" other than those samples belonging to the time when the ball drops.
III. BENCHTOP AND In Vivo EXPERIMENTAL RESULTS
A. Benchtop Performance Test
The MAFIM system input is the magnetic/acoustic raw data and the output is the magnetic/acoustic time-series, which should match in terms of parameters of interest, such as duration of each lick cycle, lick rate, etc. To evaluate the performance of the system, a human observer was asked to mimic the licks by pushing the balls up with his index finger at variable but controlled timing in a silent room. After 10 min randomized repetition of the same test across different observers, 99% accuracy was achieved. Accuracy was defined as the number of missed lick cycles by unsupervised GMM clustering in the magnetic time-series, with the acoustic time-series as ground truth. Since the room was quiet, the acoustic signal in this test had a significant SNR, as shown in Fig. 5 , resulting in very low probability of errors.
Both amplitude and frequency content of the manually segmented acoustic window was inspected visually along with audio playback to ensure correct segmentation of the sample raw waveform. Following controlled testing in the silent room, raw data with the high SNR was recorded and used for subsequent acoustic data processing. As mentioned earlier, because of the noisy environment in the animal facility, detection of the ball drop sounds results in significantly higher accuracy, which was solely used to generate the acoustic time-series.
B. In Vivo Testing on Minipigs
To evaluate the effectiveness of the MAFIM system with animal subjects, we recorded drinking behavior of four male Yucatan miniature pigs, weighing 18-26 kg (Sinclair Bioresources, Columbia, MO, USA). All procedures were conducted in accordance with Emory University Animal Care and Use Committee (IACUC). For testing of the MAFIM, minipigs drank approximately 300 cc of a fluid composed of 2/3rd apple juice and 1/3rd water from a large dog bottle and nipple (Lixit Animal Care Products, CA) attached directly to the pig-run fencing or to a Plexiglas plate mounted on the fencing with no nipple access restrictions, as shown in Fig. 6 . Each minipig was tested for 2-6 min in two or three drink sessions. Two minipigs employed a sucking strategy with constant face-nipple contact (see Fig. 1 bottom sequence) and two employed a licking strategy with discontinuity of tongue and nipple (see Fig. 1 upper two sequences), enabling evaluation of the MAFIM operation under different conditions. Fig. 7 shows the raw data obtained from MAFIM and its corresponding processed time-series outputs. To combine all six magnetic raw data into one trace and attenuate the effect of earth's magnetic field, the red trace in Fig. 7 (magnet signal) shows the magnitude of the vector subtraction of the two threeaxial magnetometer measurements
The green trace (magnet time-series) in Fig. 7 is the magneticdata processing block output, which is the label of each time step from the GMM output. This signal is used for drink behavior analysis. The blue trace (acoustic signal) is the recorded data from the USB microphone at 44 kHz, while the black trace (audio time-series), is the output of the acoustic data processing block, which marks the time samples when the roller balls drop at the onset of the "ball down" state, and is used for verification purpose.
Matching of magnetic and acoustic drink measures, extracted from the magnetic (GMM states) and audio recordings, respectively, can be seen in the zoomed-in waveforms in Fig. 7(b) . The average LCD for each subject was calculated through peak detection in a histogram analysis of the acquired drink cycle durations from the time-series, and used to calculate the LCR = 1/LCD. For the subject shown in Fig. 7 , LCD = 250 ms and LCR = 4 Hz, indicating the dominant frequency of licking for this minipig. Table I summarizes the statistical results for all four minipigs tested 2 or 3 times each with the MAFIM system. These results are consistent with earlier reports of drink behavior in adult minipigs [2] , [38] , [39] . Regression analysis confirmed agreement (R 2 = 0.98, t = 0.4, p = 0.7) among LCDs extracted from the acoustic and magnetic modalities for a sample of 10 random drink measurements from in vivo experiments.
IV. DISCUSSION
Key advantages of the MAFIM system over the previous fluid intake monitoring technologies include ease of setup and use, verification by two independent sensing modalities, and the ability to record drink behavior during persistent animal nipple contact without imposing constraints on the nipple access or stress on the animal. We also recognize two limitations to the current MAFIM prototype. First, the system requires use of nipples with a roller-ball design, which are common in animal care facilities but not universal. Second, the 100 Hz maximum sampling rate of the magnetic sensors used in the current prototype, resulting in the time-series resolution of 10 ms, may limit application in animals with very-high LCR and in studies that address higher frequency features of lick microstructure. One challenge in design of the current prototype was slight variation in the sampling rate of the LSM303D magnetometers around the nominal value of 100 Hz that limited reliability of synchronization of magnetic and acoustic modalities. To address this issue, the MCU was configured to time-stamp every 6-D sample with its internal independent high-precision timer. These time stamps were used for synchronization of magnetic and acoustic modalities and also increased the accuracy of processed drink time-series.
Since the current MAFIM prototype uses a magnetic field for monitoring drink behavior and lick microstructure without imposing any restrictions on the nipple access or positioning, for the first time to the best of our knowledge, the main focus of the signal processing algorithm was the unsupervised GMM-based magnetic mode. Hence, there was a need to have an independent secondary modality to reliably confirm results of the unsupervised mode. Therefore, the supervised acoustic mode was added mainly for verification. Now that the reliability of this method has been established, considering the much higher sampling rate of the audio data (44 kHz) compared to magnetic data (100 Hz), it is possible to take every 10 ms segment of the audio data (440 samples) to generate one or more representative feature, e.g., short-time energy, of the audio mode to perform fully unsupervised clustering of the raw data. LCDs determined by the MAFIM are similar to durations in the minipig reported in the literature by researchers using other modalities. Using electromyography (EMG), Holman et al. reported suckling cycle durations of ∼4 Hz in 3 week old minipigs [25] . Drink cycles of ∼2.7 Hz were shown in the adult minipig by EMG and sonomicrometry [38] , [39] . In our data, there were no systematic differences in LCDs during licking versus sucking drink strategies of four animal subjects, P1-P4 studied here (see Table I ).
By enabling noninvasive, unobtrusive, and unconstrained quantization of drink behavior, the MAFIM system can be used to measure drinking behavior in experimental studies and in assessment of animal welfare. Medical devices being developed for sleep apnea as well as tongue-operated assistive technologies that involve tongue piercing or implantation, such as the Tongue Drive System (TDS), may impact drink function generally, and tongue movements specifically [16] , [17] , [40] . Prior to clinical utilization of these new medical technologies, their safety, efficacy, biocompatibility, and biological side effects need to be assessed through animal models.
V. CONCLUSION
We have demonstrated unobtrusive and continuous measurement of drink behavior in minipigs using a new MAFIM system, which by measurement of the mechanical action of the nipple stainless steel ball valve, can quantify different drinking strategies with or without intermittent tongue-nipple contact. The GMM-based lick classification algorithm, applied to the 6-D raw magnetic data, showed a correlation coefficient of 0.98 with the independent acoustic modality, which was processed in a supervised fashion, demonstrating the ability of the MAFIM system to accurately detect licks from the magnetic modality without requiring prior training or calibration. Future refinements include studying variations of unsupervised clustering, such as Bayesian classifiers, feeding back measurement variations to enhance clustering results and identify intermediate transition states between "ball up" and "ball down," and considering a higher number for variable k, thereby increasing biological information content in lick microstructure measurements. Synchronous video recording in a trimodal lickometer system and side-by-side comparisons with some of the existing technologies can be used for further validation of the present dual-mode MAFIM system.
